Fabrication of ZrC–SiC composites using zirconium salt as raw materials  by Ma, Yan et al.
Journal of Asian Ceramic Societies 2 (2014) 317–321
Contents lists available at ScienceDirect
L
F
a
K
I
C
Z
Z
1
a
u
e
f
a
[
d
v
c
s
a
a
s
i
w
r
t
i
t
t
H
c
i
o
s
P
C
2
P
hJournal  of  Asian  Ceramic  Societies
j ourna l ho me  page: www.elsev ier .com/ loca te / jascer
etter
abrication of ZrC–SiC composites using zirconium salt as raw materials
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A  ZrC–SiC  matrix  was  fabricated  by  means  of  in  situ  reaction  method,  using  zirconium  salt, silicon powder
and  phenolic  resin  as  raw  materials.  The  performances  of  zirconium  salt  determined  the possibility  oferamic composites
rC–SiC matrix
irconium salt
ZrC–SiC  matrix  fabricated  using  them.  The  reactions  were  completed  at a  relatively  low  temperature
(∼1500 ◦C).  With  this  concept  to  produce  a ZrC–SiC  matrix  costs  can  be  reduced.  Three-dimensional
needle Cf/ZrC–SiC  composites  were  successfully  fabricated  via  the polymer  inﬁltration  and  pyrolysis
(PIP)  process  using  zirconium  salt,  silicon  powder  and  phenolic  resin  as  raw  materials.
©  2014 The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by. Introduction
As hypersonic aerospace vehicles and advanced reusable
tmospheric re-entry vehicle developed, carbon ﬁber reinforced
ltrahigh-temperature ceramics (Cf/UHTCs) matrix composites
merge as the application is required, because carbon ﬁber rein-
orced silicon carbide matrix composites can no longer withstand
blation environment with high heat ﬂux and pressure gas ﬂows
1]. Cf/UHTCs matrix composites were fabricated through the intro-
uction of UHTCs (such as zirconium carbide, ZrC) into the matrix
ia various methods, such as chemical vapor inﬁltration (CVI)
ombined with modiﬁed polymer inﬁltration pyrolysis (PIP) [2], a
oft-solution approach using inorganic precursors [3], hot-pressing
nd polymer inﬁltration pyrolysis (PIP) [4], as well as mold-pressing
nd polymer inﬁltration and pyrolysis (PIP) [5]. In our previous
tudies, Cf/UHTCs matrix composites were prepared via polymer
nﬁltration and pyrolysis [1], a liquid precursor conversion method
ith PIP [6], the vapor silicon inﬁltration process [7] and in situ
eaction [8]. Their micro-structural features, mechanical proper-
ies and anti-oxidation and anti-ablation properties were reported
n detail.
ZrC is one of the most promising ceramics for ultrahigh-
emperature applications due to its exceptional properties and
he ability to form refractory oxide scales at high temperatures.
owever, some studies have obvious disadvantages. ZrC particles
annot be homogenously dispersed in the intra-bundle of compos-
tes. Though the distribution uniformity and low fraction problem
f UHTC phases can be solved using ZrC precursor, ZrC precur-
or and commercially available ZrC powders are expensive. At the
eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
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same time, the raw materials are also costly when Cf/UHTCs matrix
composites were produced via in situ reaction. In order to reduce
preparation costs, zirconium salt with low cost would be used to
fabricate Cf/UHTCs matrix composites. Zirconium salt includes zir-
conium carbonate (3ZrO2·CO2·H2O), and so on. In this method,
zirconium source, carbon source and silicon source are provided
by zirconium salt, thermosetting phenolic resin and silicon powder
besides ZrSiO4, respectively.
In situ reaction of ceramic composites is an attractive and effec-
tive way  to obtain advanced materials. Recently, nonoxide-boron
nitride composites and boride-containing ceramics compos-
ites have been fabricated via in situ synthesis [9–11]. The
obtained materials have excellent properties such as homogeneous
microstructures, higher chemical stability and better physical
mechanical properties than the conventionally processed ones [10].
In view of this, Cf/UHTCs matrix composites are fabricated via in situ
reaction.
So the purpose of this work is how to synthesize simply and
rapidly a ZrC–SiC matrix via in situ reaction using zirconium
carbonate or zirconium sulfate, Si powders and thermosetting phe-
nolic resin as raw materials. The mixture of ZrC and SiC via pyrolysis
of a mixture of ZrO2 (or carbonate), Si powder and a phenolic
resin was  fabricated successfully. Meanwhile, the ZrC–SiC matrix
obtained compare with the ZrC–SiC matrix in our previous stud-
ies. Finally, 3D Cf/ZrC–SiC composites were successfully fabricated
using zirconium salt, silicon powder and phenolic resin as raw
materials.
2. Experimental procedure
2.1. ZrC–SiC matrix fabrication
Zirconium carbonate (<2 m,  >98 wt% pure, High Purity Chem-
ical, Zibo, China), silicon (Si) powder (<10 m,  99.9 wt% pure, High
Purity Chemical, Saitama, Japan), and thermosetting phenolic resin
(Shanghai Qinan Adhesive Material Factory, Shanghai, China) were
ﬁrst ball milled at an appropriate weight ratio of 10:1:5 by ultra-
sonic agitation to form a homogenously dispersed slurry using ethyl
alcohol as solvent.
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For XRD analysis it was then cured using a rotating evapo-
ator. The ethanol solution of phenolic resin was  applied as the
arbon resource. In order to make the phenolic resin crosslinked
nd pyrolyzed, the cured and pyrolytic processes are necessary.
he mixtures were cured at 100 ◦C for 10 h in vacuum. In order to
hange the phenolic resin into the heat-treated carbon, the cured
ixtures were then pyrolyzed at 900 ◦C in an argon atmosphere at
 rate of 10 ◦C/min for 30 min. Afterwards, the pyrolytic products
ere ground into powder and sieved through a metallic sieve (mesh
ize = 250 m).  This process is only for XRD analysis. The pyrolytic
roducts were heat treated in a graphite crucible using a high-
emperature graphite resistance furnace in the range of 1500 ◦C in
n argon atmosphere at a rate of 10 ◦C/min for 60 min. The in situ
eaction was accompanied by a heat-treatment process. During the
n situ reaction, zirconium carbonate and Si powders were allowed
o react with the carbon from the pyrolysis of thermosetting phe-
olic resin to form ZrC and SiC, respectively.
The phase compositions of the powdered pyrolytic product were
haracterized by X-ray diffraction (XRD) with Cu Ka radiation. The
icrostructures of the composites were studied by Electron Probe
icro-analyzer (EPMA, JXA-800, Jeol, Tokyo, Japan). The crystalline
ize and morphology of the synthesized matrix were characterized
y scanning electron microscopy (SEM).
.2. 3D Cf/ZrC–SiC composite fabrication
3D Cf/ZrC–SiC composites were prepared by PIP process using
irconium salt, silicon powder and phenolic resin as raw materi-
ls. The experimental procedure for preparation of 3D Cf/ZrC–SiC
omposites is shown in Fig. 1. The fabrication of 3D ﬁber bodies
as been reported in our previous studies [10]. The fabrics were
hen impregnated in the slurry which consisted of zirconium car-
onate, Si powder and thermosetting phenolic resin using ethyl
lcohol as solvent. The heat-treatment process is in accordance
ith the process of Ref. [10]. During the in situ reaction, zirconium
arbonate is discomposed into ZrO2. ZrO2 powders and Si pow-
ers were allowed to react with the carbon from the pyrolysis of
hermosetting phenolic resin to form ZrC and SiC, respectively.
. Results and discussion.1. Raw material characterization
Fig. 2 shows the SEM images of zirconium carbonate before and
fter heat treatment at 1500 ◦C for 60 min. Zirconium carbonateration of 3D Cf/ZrC–SiC composites.
is used because it is cheaper than zirconium oxide. It is shown
from Fig. 2(b) that the particle sizes of the zirconium carbonate are
approximately 2 m,  with a nearly spherical morphology. How-
ever, agglomeration exists. After heat treatment, the particle sizes
become smaller and the shape has changed, as shown in Fig. 2(d),
and agglomeration still exists. The phenomenon of sintering can be
found from the image. It is indicated from the EDS results (Fig. 2(a))
that the main elements are C, O and Zr. From Fig. 2(c), the ZrO2 is
formed after heat treatment. In the heat-treatment process, several
reactions may  occur as follows:
3ZrO2·CO2·H2O(s) → 3ZrO2·CO2(s) + H2O(g) ↑ (1)
3ZrO2·CO2(s) → 3ZrO2(s) + CO2(g) ↑ (2)
Among the above reactions, zirconium carbonate is discom-
posed and H2O will be evaporated at the relative low temperature.
With the temperature increasing, the bond between ZrO2 and CO2
will brake. Finally, CO2 will be evaporated. As indicated by the above
reactions, the weight loss accompanied in the heat-treatment pro-
cess is caused by the evaporation of H2O and CO2. The results of the
above reactions are consistent with the EDS analysis.
The DSC (differential scanning calorimeter) and TG (thermo-
gravimetric analysis) results of zirconium carbonate from 0 ◦C to
1450 ◦C are shown in Fig. 3. A weight loss was seen from the curve of
TG from the beginning to 774 ◦C. However, the weight from 774 ◦C
to 1450 ◦C remained unchanged. It can be concluded that zirconium
carbonate has been decomposed at 1450 ◦C. Meanwhile, the curve
of DSC showed three prominent endothermic peaks at this temper-
ature range. The ﬁrst peak means that the bound water is removed
from the raw material from 0 ◦C to 271 ◦C. As shown in reaction
(1), the crystal water volatilized at 586 ◦C. Thus, the second peak is
formed. With the increasing temperatures, the reaction (3) began
to play a major role. The weight continued to decrease because of
the evaporation of CO2. The curve of TG is consistent with the result
of DSC.
The XRD patterns of the zirconium carbonate obtained by dry-
ing at 130 ◦C for 30 min  (A) and 1500 ◦C for 60 min  (B) are shown
in Fig. 4. Curve C represents the XRD pattern of the mixture of zir-
conium carbonate and thermosetting phenolic resin pyrolyzing at
1500 ◦C for 60 min. After holding at 130 ◦C for 30 min, XRD diffrac-
tion identiﬁed amorphous phase. However, after heating at 1500 ◦C
for 60 min, only the ZrO2 peaks emerge. It is indicated that zirco-
nium carbonate can be a Zr source to fabricate ZrC. Meanwhile, it
can be seen that the ZrO2 peaks disappear, indicating the comple-
tion of ZrO2 conversion into ZrC, as shown in Fig. 4(C). Thus, it is
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Fig. 2. The SEM images of zirconium carbonate before (a and b) and after (c and d) heat-treatment at 1500 ◦C for 60 min.
Fig. 3. DSC/TG analysis of zirconium carbonate from 0 ◦C to 1450 ◦C.
Fig. 4. The XRD patterns of the zirconium carbonate obtained by drying at 130 ◦C
for  30 min  (A), 1500 ◦C for 60 min  (B) and after reaction with phenolic resin (C).Fig. 5. The XRD pattern of the ZrC–SiC matrix with zirconium carbonate, thermoset-
ting phenolic resin and Si powder as raw materials after heat treatment at 1500 ◦C
for 60 min.
feasible that ZrC can be obtained with zirconium carbonate as raw
material at 1500 ◦C for 60 min.
The XRD pattern of the ZrC–SiC matrix with zirconium carbon-
ate, thermosetting phenolic resin and Si powder as raw materials
after heat treatment at 1500 ◦C for 60 min is plotted in Fig. 5. It
can be concluded from the diffraction peak that the main phases
existing in the powders are ZrC and SiC. ZrC and SiC are obtained
through the reaction between zirconium carbonate or Si powder
and thermosetting phenolic resin, respectively. Some possible reac-
tions during the pyrolysis and the heat-treatment process are as
follows:Phenolic resin → C + volatile ↑ (3)
Si + C → SiC (4)
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Fig. 6. The SEM images of the ZrC–SiC matrix heated at 1500 ◦C for 60 min: (a and b) using zirconium salt as raw material, and (c) using polycarbosilane and ZrC precursor
as  raw material.
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cFig. 7. SEM images on the polished cross-sections of 3D Cf/ZrC–SiC c
i + O2 → SiO2 (5)
rO2 + 3C → ZrC + 2CO ↑ (6)
iO2 + 3C → SiC + 2CO ↑ (7)
The SEM images of the ZrC–SiC matrix heated at 1500 ◦C for
0 min  are shown in Fig. 6. It is shown that the SiC phases (dark
ackground in the backscattered electron micrograph) are regu-
arly dispersed in the ZrC matrix (white background), as indicated
y the arrows. From the images, the particle sizes of the ZrC matrix
ange between 100 and 200 nm and those of SiC are about 10 m.
owever, agglomeration still exists.
In our previous studies, ZrC–SiC matrix was fabricated by means
f a liquid precursor conversion method using ZrC precursor and
olycarbosilane [12] and via in situ reaction by using zirconium
owders, silicon powders and phenolic resin as raw materials [13].
he crystal size and morphology of the synthesized matrix were
esearched. However, the prices of raw materials for the above two
ethods are expensive, compared with that of zirconium carbon-
te. The comparison of ZrC–SiC matrix fabricated using zirconium
alt and ZrC precursor as raw material is shown in Fig. 6(c). From the
mage, it can be concluded that a ZrC–SiC matrix can be obtained
hrough the reactions between zirconium carbonate, silicon pow-
ers and phenolic resin. The cost of preparation is reduced greatly.
oreover, the ZrC phase is dispersed evenly in the SiC phase. The
emperature of fabrication is relatively lower than those of the
revious methods.
.2. Microstructures of 3D Cf/ZrC–SiC compositeThe SEM images on the polished cross-sections of 3D Cf/ZrC–SiC
omposite are shown in Fig. 7. The fact is proved that 3D Cf/ZrC–SiC
omposite could be fabricated completely using zirconium salt,site: (a) polished cross-sectional image and (b) larger magniﬁcation.
silicon powder and phenolic resin as raw materials. ZrC phase
(a white background in the backscattered electron micrographs)
and SiC phase (a gray background) are formed through the reac-
tion between zirconium carbonate, silicon powder and phenolic
resin. From Fig. 7(a), the composite shows dense microstructure
even through few micropores of impurities is observed. Based on
Fig. 7(b), ZrC phase is inserted into not only the inter-bundle areas
but also the intra-bundle areas. Thus, this method is feasible to fab-
ricate 3D Cf/ZrC–SiC composite. In our future work, the properties
of Cf/ZrC–SiC composite would be more consistent.
4. Conclusions
In conclusion, a ZrC–SiC matrix was fabricated by means of
in situ reaction, using zirconium carbonate, silicon powders and
phenolic resin and their pyrolysis at 1500 ◦C for 60 min. The ZrC–SiC
matrix had a small average crystalline size (<50 m).  However,
agglomeration still exists. On the whole, The ZrC–SiC matrix can be
fabricated for ceramic matrix composites at low cost and rapidly,
using zirconium salt as raw materials. The purpose of this research
is to fabricate the Cf/ZrC–SiC composite using zirconium salt as raw
materials. The 3D Cf/ZrC–SiC composites were successfully fabri-
cated using zirconium salt, silicon powder and phenolic resin as
raw materials.
AcknowledgmentsThe authors appreciate the ﬁnancial support of the National Nat-
ural Science Foundation of China under the Grant Nos. 51172256,
51142010, and 51372099 and the Doctoral Fund of University of
Jinan (XBS1310). The authors also appreciate the ﬁnancial support
amic S
b
u
R
[
[
[
[ mse  liqg@ujn.edu.cn (Q. Li).Letter / Journal of Asian Cer
y Program for Scientiﬁc research innovation team in Colleges and
niversities of Shandong Province.
eferences
[1] Q.G. Li, H.J. Zhou, S.M. Dong, Z. Wang, J.S. Yang, B. Wu and J.B. Hu, Ceram. Int.,
38, (6) 5271–5275 (2012).
[2] N. Padmavathi, S. Kumari, V.V.B. Prasad, J. Subrahmanyam and K.K. Ray, Ceram.
Int., 35, 3447–3454 (2009).
[3] Z. Wang, S.M. Dong, X.Y. Zhang, H.J. Zhou, D.X. Wu,  Q. Zhou and D.L. Jiang, J.
Am.  Ceram. Soc., 91, (10) 3434–3436 (2008).
[4] Z. Wang, S.M. Dong, Y.S. Ding, X.Y. Zhang, H.J. Zhou, J.S. Yang and B. Lu, Ceram.
Int.,  37, 695–700 (2011).
[5] L.F. Cheng, Y.D. Xu, L.T. Zhang and X.W. Yin, Mater. Sci. Eng. A, 300, (1) 219–225
(2001).
[6] Q.G. Li, S.M. Dong, Z. Wang, P. He, H.J. Zhou, J.S. Yang, B. Wu and J.B. Hu, J. Am.
Ceram. Soc., 94, 1216–1219 (2012).
[7] Q.G. Li, S.M. Dong, Z. Wang and G.P. Shi, Ceram. Int., 39, 4723–4727 (2013).
[8] Q.G. Li, S.M. Dong, Z. Wang, J.B. Hu, B. Wu,  H.J. Zhou, P. He and J.S. Yang, Ceram.
Int.,  39, 877–881 (2013).
[9] G.J. Zhang, Z.Y. Deng, N. Kondo, J.F. Yang and T. Ohji, J. Am. Ceram. Soc., 83, (9)
2330–2332 (2000).
10] G.J. Zhang, J.F. Yang, M.  Ando and T. Ohji, J. Eur. Ceram. Soc., 22, (14/15)
2551–2554 (2002).
11] G.J. Zhang, M.  Ando, J.F. Yang and T. Ohji, J. Eur. Ceram. Soc., 24, (2) 171–178
(2004).
12] Q.G. Li, H.J. Zhou, S.M. Dong, Z. Wang, P. He, J.S. Yang, B. Wu and J.B. Hu, Ceram.
Int., 38, 4379–4384 (2012).
13] Q.G. Li, S.M. Dong, Z. Wang, G.P. Shi, Y. Ma,  H.J. Zhou and Z. Wang, Ceram. Int.,38, 2483–2488 (2014).
Yan Ma
School of Material Science and Engineering,
University of Jinan, Jinan 250022, Chinaocieties 2 (2014) 317–321 321
Shilin Li
Power China Guiyang Engineering Corporation
Limited, Guiyang 550081, China
Qinggang Li a,b,∗
a School of Material Science and Engineering,
University of Jinan, Jinan 250022, China
b Shandong Provincial Key Laboratory of Preparation
and Measurement of Building Materials, Jinan
250022, China
Zhi Wang
Guopu Shi
Chao Wu
Yuanyuan Li
School of Material Science and Engineering,
University of Jinan, Jinan 250022, China
∗ Corresponding author at: School of Material
Science and Engineering, University of Jinan, Jinan
250022, China. Tel.: +86 531 82767655;
fax: +86 531 82767660.
E-mail addresses: liqinggang66@gmail.com,5 June 2014
Available online 23 July 2014
